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In birefringent strained-polymeric composite polarisers the optical properties of the substrate limits the usable wavelength range due to dispersion, intrinsic losses, and Fabry-Pérot interference. [ 12 ] At longer wavelengths, typically in the near infra-red, reduced minor transmittance signifi cantly degrades the blocking capacity. At short wavelengths the principal transmission of common sheet polarisers is dominated by strong absorption of the underlying substrate, with the polarization effi ciency depending primarily on the pitch, periodicity, and conductivity of the embedded linear conductors. Polymer sheet and crystal polarisers are typically opaque for λ > 2 µm, whilst single-crystal polarisers can be prohibitively expensive. Indeed, to date, no single polarising media has proven effi cient and cost-effective across ultra-wide wavelength ranges.
The material properties of the constituent wires have a signifi cant effect on the wavelength-dependent effective dielectric characteristics of the grid polariser. To date, metals are most widely used due to their excellent wideband conductivity and the maturity of thin fi lm deposition processes. However, the refractive and absorption indices of metals decreases with decreasing wavelength, limiting the functional bandwidth, whilst readily excited short-range surface plasmon polaritons result in undesirable spectral absorption peaks. In contrast, semiconductors offer high extinction ratios though at the expense of a greatly reduced bandwidth. The various semiconductors have high refl ectional losses and are commonly employed at short wavelengths. Evidently, quasi-metallic, near-zero band gap materials, such as the graphitic carbon allotropes are attractive nanostructures on which to base next-generation wire grid polarisers, particularly those with high-aspect ratios, namely the multi-walled carbon nanotubes (MWCNTs). MWCNTs selfassemble, are naturally anisotropic with very large aspect ratios, and are becoming increasingly inexpensive to synthesise. CNTs
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Exploiting the anisotropic properties of aligned one-dimensional carbon nano-allotropes has proven useful in myriad applications, including: cold cathode fi eld emission, [ 1, 2 ] nanostructured ropes, [ 3, 4 ] nanoelectromechanical switched capacitive memory, [ 5 ] composites [6] [7] [8] and birefringent media. [ 9, 10 ] For many applications, it is important, however; that the native opto-electronic properties of the aligned nanostructured media remain unmodifi ed by the device fabrication processes. By investigating the chemical vapour deposition conditions of multi-walled carbon nanotubes we have developed a route to produce highly aligned free-standing carbon nanotube fi lms by engineering a metastable, membrane-like morphology. Using an augmented Leonard-Jones formalism we elucidate the conditions required for membrane formation which we show depends critically on the nanotube length and packing density, dictated by the detailed growth conditions, in addition to entropic contributions associated with the detailed membrane morphology. We demonstrate an ultra-broadband polarising behavior of our binder-and substrate-less membranes, investigated in the wavelength range from 400 nm to 2.5 mm. Extinction ratios of up to 6.4 dB are measured, consistent with effective medium and full numerical simulations using index and absorption constants extracted from the Drude-Lorentz model. The free-standing metastable membranes represent a new paradigm in the design and fabrication of optical components in emerging supercontinuum light sources based on subwavelength periodic nanomaterials.
The development of ever broader wavelength (λ) light sources is, at present, unmatched by the availability of equally broadband polarisers. Despite the wide catalogue of polarising media available, no single technology offers broadband operation. Conventional polarising media, based on wavelength-comparable anisotropic media or bulk crystals, have well defi ned operational wavelength ranges determined by a combination 930 wileyonlinelibrary.com
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have high electrical and thermal conductivity as well as onedimensional charge carrier confi nement along their length, the size of which, along with their diameter can be accurately controlled. In ensembles, MWCNTs have a broad, fl at optical absorption spectrum. [ 13, 14 ] They offer facile fabrication with the promise of highly parallelised and rapid self-assembly, with a variation in close-packed lateral structure and spacing that precludes plasmonic effects and that is controllable by carefully tailoring the chemical vapor deposition conditions. Macroscopic en masse alignment by mechanical means, exploiting intrinsic inter-tube van der Waals forces, will allow the fabrication of free-standing MWCNT membranes without the requirement of a functionally deleterious host matrix or substrate.
Photonic crystals, based on regular arrays of semi-metallic discrete graphitic elements, are a theoretically predicted source of Bragg Scattering and strong linear dichromism. [ 15 ] Visible frequency polarisers have been demonstrated, [ 16 ] in addition to optical nanoantennas [ 17 ] and pulsed THz optical media. [ 10, 18, 19 ] Yet, all studies hitherto presented considered CNTs supported on costly sapphire substrates, characterised by time domain spectroscopy. [ 20 ] Optical polarization using free-standing MWCNT membranes has been presented elsewhere, but only across very narrow wavelength ranges and only in the optical window. [ 10, 18 ] To the best of the authors' knowledge, the stability of free-standing MWCNT membranes and direct measurements of the continuous wave (CW) polarization over an ultra-wide wavelength window has not yet been investigated. Here we present a route to fabricate free-standing MWCNT membranes and investigate their ultra-broadband polarization potential under CW-irradiation.
MWCNT polarisers were fabricated in a rapid, facile, inexpensive and highly parallel process. Vertically aligned MWCNT forests were grown by thermal chemical vapor deposition (CVD) (Experimental Section and Supporting Information), as reported in detail elsewhere. [ 21 ] The MWCNTs were 25.4 ± 13.3 nm in diameter with 2-5 graphitic walls (Supporting Information, Figure S1b ). Solid-state extrusion was employed to fabricate the aligned MWCNT membranes. [ 22, 23 ] Figure 1 a shows an optical micrograph during an extrusion process, as depicted in the insert of Figure 1 b. To produce the membranes, Kapton tape was attached to the edge of the as-grown MWCNT forest, which was subsequently retracted at a rate of ∼10 −2 ms −1 . Membranes had a typical linear packing density of 20 µm −1 , were ∼5 µm thick, and could be drawn to span signifi cant lengths; an asgrown 10 × 10 mm sample is capable of producing a ribbon some 300 m in length. Throughout, no post-synthesis chemical treatments were performed. Polariser densifi cation was achieved by repeatedly overlaying membranes. In the present study only single layer membranes were considered. Figure 1 b shows a typical scanning electron micrograph of a crossed polariser formed from two separate single orthogonal extrusions. Analysis of >400 Raman spectra confi rmed the presence of graphitic MWCNTs with characteristic I D /I G (0.26 ± 0.02), I 2D /I G (0.50 ± 0.17), full-width at half-maximum of the G peak ( Γ G = 50.4 ± 10.7 cm −1 ) and 2D peak ( Γ 2D = 78.6 ± 3.6 cm −1 ). A Breit-Wigner-Fano G-peak fi t evidenced an evolving secondary peak centered at 1922 cm −1 suggesting a quasi-metallic band structure, essential for a fl at band absorption spectrum ( Figure 2 a) indicated that the extrusion process did not induce signifi cant crystallographic disorder with the membranes being homogenous over centimetre-length scales.
Within the membranes the MWCNTs were highly aligned. The Herman's Orientation Factor, f = −0.25., where −0.5 ≤ f ≤ 1.0, and f = −0.5 for perfect alignment, f = 0 denotes a random orientation, and f = 1.0 for MWCNTs perpendicularly aligned to the extrusion direction (Experimental Section). The solid-state extrusion process outperformed other thin fi lm forming techniques, employing equivalent MWCNTs, for the degree of alignment; such as vacuum fi ltration ( f = 0.02), mechanical compression (0.09), and direct shearing (-0.20) (Figure 1 c and d) . The high degree of alignment was independently corroborated by polychromatic polarised Raman spectroscopy which showed a mean full-width at half-maximum of a fi tted-Lorentzian distribution of 13.2° (532 nm excitation), as similarly reported elsewhere [ 24 ] (Figure 2 b, Experimental Section).
Though widely studied theoretically [ 25, 26 ] due to the challenging fabrication very little empirical evidence is available on the detailed van der Waals binding potential between MWCNTs in well-aligned large-area samples. Two key factors contribute to the thermodynamic stability of a given discrete nanostructured confi guration; the degree of adhesion mediated by the inter-tube van der Waals (VdW) and the arrangement and associated many body effects of the constituent MWCNTs. Our membranes exist in a metastable ribbon-like state. The morphology is intermediary to an unstable disordered geometry and stable, close-packed highly ordered rope-like confi gurations ( Figure 3 a) . Both boundary states present energetically preferential confi gurations and minimise the surface free energy of the system. The strength of the VdW binding, which dictates the likely morphology adopted, is here controlled through careful variation in the CVD conditions, namely the MWCNT length and packing density. Figure 3 b shows the length dependence of the Raman defectiveness ( I D /I G ), packing density ( PD ), growth rate ( ρ ), and surface sp 3 density. The surface sp 3 phase showed a weak dependence on the MWCNT length (<1% variation), indicating that stability is likely not a consequence of an sp 3 mediated electrostatic adhesion and that Columbic interactions, mediated by polar surface absorbates, do not play a central role in the observed cohesion. However, most notably, the PD did tend to decrease with MWCNT length, saturating at approximately 9 × 10 9 cm −2 (for lengths >300 µm) due to catalyst poisoning and attrition with subsequent growth termination.
In the present study we assume MWCNTs to be rigid rods, [ 27 ] where their length is signifi cantly greater than their diameter. In the fi rst instance, given the planar morphology and that the tube-tube interactions become negligible at center-to-center distances greater than twice the tube radius, the membrane can thusly be treated as if only the nearest neighbors are interacting. To estimate the magnitude of the inter-MWCNT adhesion potential we fi rst consider the interaction energy per unit length, ϕ , between two parallel multi-walled carbon nanotubes of the same diameter, D , and separated by a distance, d , using a simplifi ed smeared continuum Leonard-Jones formalism for the carbon-carbon potential, fi rst proposed by Girifalco. [ 28 ] Such analytical functions have proven validity, as detailed elsewhere when describing the cohesive properties of graphitic solids. [ 29, 30 ] In the case of perfectly aligned cylinders, in the far fi eld (d > 10 nm), the repulsive term dominates with ϕ tending rapidly toward zero. Certainly, in the far fi eld, based on existing models, there is only a weak dependence on the PD and D , with the primary adhesion contribution arising from the interacting length. Nevertheless, even for MWCNTs of considerable length the resultant total interaction potential is negligibly small compared to the ambient thermal potential. Evidently, such simple and idealised models cannot explain our observed stability; long-range VdW mediated interactions alone do not provide a physical basis for the observed adhesion. Indeed, the universal VdW curves for graphitic carbons do not accurately predict our empirical fi ndings based on this idealised model. [ 26 ] It is unphysical to assume perfectly aligned MWCNTs throughout the membrane. Rather, we fi nd that the interaction potential depends critically on the detailed orientation of the constitute macromolecules. This entropic contribution must therefore be considered in more detail though the inclusion of a morphology and material dependent parameters. The conventional continuum LJ model precludes confi guration components, which can effectively exploit the near-fi eld, high cohesiveness in a long-range ordered structure. [ 29 ] The MWCNTs are pseudo-aligned and interact with one another at oblique, but nonetheless, crossed-junctions. These junctions are bound by short-range attractive VdW, an interaction bolstered by the high polarisability of the graphene lattice, [ 27 ] with a correspondingly potential of the order of 1 meV/Å. [ 31 ] This rapidly approaches zero for inter-tube distances > 3 nm. [ 27, 29 ] Equation ( 1) below shows an augmented LJ analytical expression for the VdW interaction potential based on the PD, D and τ;
Here, A denotes the Hamaker constant (6 × 10 −20 J), L is the MWCNT length, D is the MWCNT diameter, and d is the inter-MWCNT pitch within the nascent vertically aligned forest ( ∼PD −1/2 , following a similar methodology as proposed reviously. [ 32 ] Equation ( 1) increases linearly with L and sub-linearly with PD . The negative prefactor denotes attraction. The functions ζ ( ) f and γ τ χ ( , , ) g signify Coulombic and entropic contributions, respectively, which modulate the effective binding , dramatically enhancing the degree of adhesion for a given morphology and degree of graphtization. Certainly, the greater the degree of disorder, the higher the entropic contribution and the greater the mechanical robustness of the membrane. Such nonidealities in the membrane morphology where independently assessed by high resolution electron microscopy, including the mean MWCNT overlap zone ( γ ), the mean angle of rotation between individual MWCNTs ( τ ), a -C and a surface localised sp 3 phase ( ζ ), and MWCNT waviness ( χ ). Inspection by scanning electron microscopy (SEM) suggested that d ∼ D , γ ∼ 0.1, and τ ∼ 87°. For simplicity, we assume γ τ . sin( ) linearly decreases the effective interaction length, thereby increasing the effective number density of crossed MWCNTs. Experiment showed a weak dependence on ζ (assumed here to be unity). χ will be considered in further detail in subsequent studies. For the given morphological parameters during a typical extrusion ( PD ≈ 10 10 cm −2 , D ≈ 25 nm and L ≈ 500 µm), E vdw ∼ 3.9 eV. Assuming nominally equivalent tubes we plot the variation in E vdw as a function of L (Figure 3 c) and its relation to the corresponding measured data (grey squares). A good fi t is noted, with a recursive least-squares (R 2 ) error > 0.93 (red curve, Figure 3 c ). Transient stability, with lifetimes of the order of ≤1 s, are evident when E vdw ≤ 10 kT , whilst the established morphology is longlived (hundreds of hours) when E vdw ≥ 25 kT . Our models suggest that our membranes exist in a metastable state and can be formed when 9 ≤ L ≤ 495 µm. At greater lengths alternative, and increasingly stable confi gurations are favored, such as nanostructured ropes. Membranes cannot be drawn exterior to this zone. The highlighted grey area indicates the optimal growth conditions of the nascent forest with the white data point on the force plot in the inset of Figure 3 
a preference towards rope formation for PD >1.4 × 10 10 cm −2 . We stress that higher PDs may indeed reduce membrane stability causing a migration from the metastable membrane state towards more energetically favorable confi gurations.
We now consider the degree of optical polarization from our aligned MWCNT membranes when irradiated with CW linearly polarised visible, IR, and THz (vis-CW, IR-CW, THz-CW) sources spanning an excitation window of 400 nm -2.5 mm. The incident plane of polarization was aligned orthogonal to the MWCNTs long-axis and the membranes were rotated from δ = 0° to 360° ( Δδ = 2.0°), as illustrated in the inset in Figure 4 a. For excitations >2 d (∼50 nm) Bragg scattering is suppressed. In metallic ensembles, free carriers dominate resulting in diffuse, fl at band absorption over a broad bandwidth. This manifests as an homogenous effective medium where η is independent of the fi ne (sub-nm) features of the structured surface but rather depends critically on its dielectric properties. [ 33 ] Here, the complex refractive and absorption indices were taken from experimental values for graphite and extended into the mm range using a Drude-Lorentz model (Experimental Section). Transmission simulations were performed using an effective medium Maxwell-Garnett approach (Experimental (Figure 4 c,d ) was noted. The extinction ratio at λ = 550 nm (25 nm diameter, 30 nm pitch) was 0.46, which compared favorably to the measured value of 0.48 (error <4%). For small wavelengths both the real and imaginary parts of the dielectric constant increase, indicating greater absorption and a consequent enhancement in η due to the dominance of intra-band transitions. Discrepancies between the model and measurements arise due to unavoidable spatial variation in mass density and pitch, as noted in Figure 4 c, where η has been plotted for pitches of ±1σ (±13.3 nm) of the mean (25.0 nm). The CW-THz measurements show spectral features not predicted in the model, possibly due to Fabry-Perot interference, likely associated with lateral standing waves. Perhaps the most probable explanation of the apparent discrepancies is the non-perfect alignment of the MWCNTs. This may go some way to explain the <100% transmission. Indeed, the cumulative measured transmission depends critically on a complex relationship involving the incommensurate walls of the MWCNTs, individual MWCNTs and MWCNT bundles which all contribute to the observed wide fl at band spectra; it is this multi-dimensional, pseudoordered hierarchical morphology that is critical to the wideband operation.
Our MWCNT-based ultra-broadband polariser afforded extinction ratios of up to 2.7 dB (vis), 2.3 dB (MIR) and 6.4 dB (THz). The degree of polarization (DOP = (T max -T min )/ (T max +T min )) and η are a trade off with bandwidth; [ 34 ] low η facilitates increasingly broadband operation. Discontinuities in the mass density manifest as effective vacancies in the given spectral regimes. Increasing the mass density by controllable increasing the number of extruded layers or detailed CVD parameters may offer one possible route to increase the extinction coeffi cient, though this will necessarily decay the bandwidth.
Our nanostructured sub-wavelength polarisers offer unique opportunities at higher energies, where the conductivity of metals is somewhat reduced; graphite has demonstrated modest polarization of monochromatic soft X-rays by exploiting its natural structural linear dichromism. Our aligned MWCNT membranes present a negligible absorption cross-section under isotropic and 99% polarised synchrotron soft X-ray exposure, typically <1.9% (6-15 keV). The tenuous nature and comparatively low mass density of the membranes effectively limits the polarization window to <2 eV. Indeed, the principle upperlimit on the functional wavelength window, notwithstanding less-critical plasmons such as that at ∼14 eV, is defi ned by the plasma edge ( ω p ), which was empirically evaluated to be around 4.6 eV. [ 35 ] In the practical limit, as the pitch tends toward zero, the upper polarization of the apparent dense wire grid tends towards that of bulk structured graphites (2.0-7.0 eV), whilst for sparse arrays ( d >> D ), ω p tends toward the THz. At >5 eV the effective degree of alignment, namely the characteristic dimension defi ned by the wavelength of the impinging light, reduces signifi cantly, and as such so too does η. The effective optical porosity of the fi lm also tends to increase and local variations in mass density dramatically reduce performance. The highly aligned zones present an anisotropic absorptive media. The observed absorption is mediated via induced dipoles within the MWCNTs stimulating consequent bolometric effects. Signifi cant local heating is implausible due to the extremely high specifi c heat of the electrons relative to the graphitic carbon lattice, their long residency time, and the low-level of electronphonon-dominated lattice interactions. This weak thermal coupling stimulates a linearly confi ned hot electron population. Some thermalization occurs for perpendicular orientations due to the increase in scatter sites resulting in an increased phononelectron interaction. Though, we stress that these excited electrons will observe fewer potential features in the perpendicular orientation, such as inter-tube scatter sites, resulting in an modest increase in membrane conductivity perpendicular to the MWCNT long axis, particularly at higher energies, which reduces the polarization function.
Non-specifi c disorder mechanisms, such as carrier density inhomogeneity and macroscopic lattice strain, may induce minor variations in the membranes optical properties relative to the presented model, though ensemble averaging to a large extent smears out such effects to give an effective homogenous medium of relatively well-defi ned optical constants. Indeed, splitting of the Raman 2D-peak suggests disordered nano-crystalline graphite with the Γ 2D = 40 ± 5 cm −1 indicating a mean crystal size of around 10 nm. [ 36, 37 ] These segregated sp 2 phases inhibit many, otherwise deleterious, electron-photon interactions along the MWCNTs long-axis. Shell-shell interactions broaden van Hove singularities with weakly resonant modes that are largely indistinguishable. Whilst our previous work has evidenced such electronic signatures using THz-TDS, [ 38 ] signifi cant peak suppression was noted during CW-irradiation, in part due to the absence of states at the Fermi level. UPS and UV-Vis revealed a semi-metallic character and low-temeprature transport studies indicated a bandgap consistent with that of pyrolytic graphite (∼40 meV). Both manifest as a uniform, fl at band, and a largely featureless extinction spectrum. The incommensurate nature of the composite graphene planes within MWCNTs ensured absorption peak-suppression, suggesting that, in a broadband context at least, MWCNTs are more appropriate than other nanomaterials, such as single-walled carbon nanotubes [ 39, 40 ] and semiconducting nanowires. Nevertheless, the reported fabrication approach does not outperform metallic nanowires, but does however offer a number of advantages with regards to the extremely simplifi ed fabrication over large areas, that are substrate-free. Figure 4 b shows notable spectral aberrations which we rationalise by a heuristic interpretation of the transmission spectrum. Though various dissipative mechanisms quench particular electron resonances, some detailed structure remains, potentially due to the non-carbon component residues in the MWCNTs. Woods anomalies in the guise of marginal asymmetric Fano-like resonances are noted in the NIR and are likely caused by shed catalyst distributed along the MWCNTs length. A (002) peak in the X-ray diffraction (XRD) spectrum verifi ed the presence of graphitic carbon, whilst spatially resolved energy dispersive X-ray analysis (EDX) evidenced O (10.4 at%), Si (0.4 at%), and Al (0.2 at%) homogenously distributed throughout the MWCNT bulk ( Figure S2a ). Thermogravimetric analysis (TGA) suggested a 1.6% (by mass) catalyst residue ( Figure S2b ). Trace Al and Si remain from the growth substrate. X-ray photoelectron spectroscopy independently confi rmed Adv. Optical Mater. 2014, 2, 929-937 www.MaterialsViews.com www.advopticalmat.de COMMUNICATION these fi ndings, evidencing 2-3% natively oxidised Si throughout ( Figure S2c ). Localized plasmon enhancement from nanoparticles, formed from shed catalyst, may bolster plasmon-phonon coupling, as has previously been proposed for CNT-composites. [ 41 ] Nevertheless, such effects are largely screened by rapid thermalization through the multiple potential relaxation pathways. Non-normal incidence may facilitate a diffuse form of the Rayleigh conjecture whilst other surface plasmon polariton resonances are observed as sharp drop-offs in η , particular around 1 µm. To investigate these observed spectral peaks further, low-temperature (15-300 K) transport studies were conducted. Off-axis transport was characterised by inter-tube hopping whilst the on-axis conduction showed combined inter-tube hopping and Mott conduction, with a transition energy of around 4.3 meV (∼0.29 mm), suggesting that the well-defi ned size distributions of the nanotubes in the membrane; namely the wallwall spacing, the tube diameter, and tube length may all in part account for some of the observed spectral aberrations. Further transport studies will be presented elsewhere.
Here we have shown that by careful tuning of the CVD processing conditions we can form, via solid-state mechanical extrusion, well aligned free-standing metastable multi-walled carbon nanotube membranes that offer facile and inexpensive fabrication of ultra-broadband polarisers. We have quantifi ed the critical forest parameters, such as MWCNT length and packing density, necessary to achieve membrane metastability and have established that membranes cannot be drawn exterior to this zone. Our CW transmission studies in the visible to mm regimes demonstrated broadband polarization with extinction ratios of up to 6.4 dB. The results presented demonstrate the intrinsic broadband polarising potential of ordered ensembles of MWCNTs that may form the basis of a variety of unique supercontinuum devices in future opto-electronic systems.
Experimental Section
Throughout, error bars represent ± 1σ (n = 3) from the mean. Multi-walled Carbon Nanotube Chemical Vapor Deposition : Degenerately phosphorus-doped, 200-nm-thermally oxidised, n -type <100> Si substrates were degreased in an ultrasonicated acetone bath and rinsed with IPA, DI water and dried with ultra-high purity N 2 . 10 ± 1 nm Al 2 O x (99.99%) was deposited in a custom-built magnetron sputterer and natively oxidised upon exposure to ambient atmosphere. A 1.0 ± 0.1 nm Fe (99.95%) catalyst was then thermally evaporated (Lesker PVD 75) at 1.2 Å/min. Catalyst samples were transferred to a commercially available, cold-walled, thermal chemical vapor deposition reactor (Aixtron, Black Magic) turbo-molecular evacuated to a base pressure of <3 × 10 −3 mbar. The reactor was pre-pressurised to 26 (±1) mbar under 196 sccm C 2 H 2 feedstock (dissolved, 95.00%) and 4 sccm in H 2 (99.98%). The resistively heated graphite stage was heated to 700 °C (5 °C/s) stimulating MWCNT growth. Growth began at ∼510 °C and was terminated by evacuating the chamber to <10 −2 mbar and cooling to room temperature. The growth rate monotonically decreased with increasing feedstock exposure time with an initial growth rate of ∼800 nm/s.
Packing Density and sp 3 Determination : The packing density was calculated as per the methodology outlined by Esconjauregui et al. [ 42 ] A Sartorius micro-balance with a standard error of 0.01 mg was used. sp 3 concentrations were determined by Raman spectroscopy (Renishaw InVia) [ 43 ] operated at 457 nm to give a minimal penetration depth (<10 nm) and a surface sensitive approach to assess the immediate sp 3 cross-section. The sp 3 content was independently corroborated by X-ray photoelectron spectroscopy, giving a value of ∼18%, consistent with our Raman fi ndings, performed using an hemispherical spectrometer with a Al K α , X-ray source ( ω h = 1486.5 eV, energy resolution = 0.8 eV). Materials Characterization : The CVD growth atmosphere was measured in situ using a Hiden Analytical differentially pumped, electrostatic quadrupole mass spectrometer. Species over 80 amu were negligible. A TA Q500 thermo-gravimetric analyzer assessed MWCNT purity. Electron micrographs were acquired using a Zeiss 50, a FEI Philips XL30 SFEG, and an Hitachi S5500 HR-SEM fi tted with an In-lens detector and a spatially resolved energy dispersive X-ray detector operated at 30 kV. A high-resolution FEI Tecnai F20 transmission electron microscope was used to extract the diameter and wall count for >300 individual MWCNTs corroborated by atomic force microscopy (Agilent 5400) operated in tapping mode. Spatially resolved polychromatic Raman measurements were conducted on a Renishaw InVia spectrometer operated with triplicate accumulations at 457 nm, 532 nm, 633 nm, and 785 nm (spectral resolution ∼1 cm −1 ) equipped with a piezo stage (min. step = 100 nm) and a 100× objective giving a probe diameter of 1.4 µm. An incident power of <5 mW was used throughout. DC transport and transfer electronic measurements were carried out in an turbo-molecular evacuated (<10 −6 mbar) custom-built cryostat (15-297 K) using two LABVIEW controlled, BLP 1.9 low-pass fi lter connected, Keithley 6430 sub-FA source-meters in standard two-and four-terminal geometries. Liquid He bath (4 K) and high temperature measurements (297-1000 K) were implemented using a similar set-up. Two and four probe measurements were nominally equivalent across the temperature range considered and were independently verifi ed at room temperature using a Jandel four-probe 100 µm contact stylus attached to a Keithley 2100.
Alignment Quantifi cation : The degree of alignment was quantifi ed using the Herman's orientation factor, f , given by;
where, I Δ is the intensity at angle δ , and; 
The polarised Raman spectroscopy technique of Hwang et al. [ 44 ] and Ago et al. [ 45 ] was adopted to independently corroborate the degree of alignment. The intensity of the D, G, and 2D Raman peaks at an angle, δ , between the MWCNT and polarization axes, is represented by;
where I( δ ) is the measured intensity, δ is the angle between the MWCNT axis and the incident polarised excitation, k is the maximum intensity at ϕ = 0 and the function ( , ) ζ δ φ − Δ describes the MWCNT orientation distribution. Assuming a Lorentzian distribution, typical for nanorod ensembles, [ 44 ] ( , ) ζ δ φ − Δ is given by:
from which the degree of alignment ( Δ ), following a least squares fi t, is extracted. Continuous Wave Transmission Measurements : UV-Vis-NIR (190 nm/ 6.53 eV -1100 nm/1.13 eV) transmittance measurements were acquired using a dual beam Thermo spectrophotometer (ATI Unicam UV2) fi tted with a 2 nm resolution monochromator, deuterium and tungsten optical sources and a beam width of 3 mm. [ 46 ] employing a 716 Micro-Now Inc. millimetre wave sweep generator and a carcinotron backward wave oscillating travelling-wave vacuum tube (<0.2 mW), producing a beam cross-section of less than 1 mm 2 with a spectral resolution of 1 MHz, adjacent to a HP 432A power meter. Two dielectric waveguides, one coupled to the radiation source and the other to a horn and power meter, were manoeuvred with micrometres normal to the suspended MWCNTs.
All transmission experiments were conducted in continuous wave mode, in air at STP, with a source detector separation of ∼20 mm and the source polarizer fi xed and the specimen rotated. Specimen rotation was monitored using a manually indexed optical mount (±1.0°), and a computer controlled stepper motor (±1.5°). 2.0° increments were used throughout. Transmission measurements were normalised to 100% transmission.
Numerical Transmission Simulations : Transmittance models were based on a Maxwell-Garnett effective media approach and verifi ed by full numerical simulations. Due to their inherent one-dimensional nature, MWCNTs present an anisotropic effective dielectric response. For a planar wire array, where the diameter of the MWCNT, considered here as simple cylinders, is much smaller than the wavelength of the incident radiation, the composite structure behaves as a homogeneous uniaxial anisotropic sub-wavelength composite. The frequency ( ω ) dependent complex index is N(ω) = n(ω)+ik(ω) , where n is the refractive index and k is the absorption index. The effective refractive indices of an array of wires of complex refractive index N 2 ( ω ) embedded in a host medium of index, N 1 ( ω ), is given by: 
where ξ denotes a fi lling factor [47] [48] [49] and the subscripts " p " and " s " indicate incident polarization perpendicular (off-axis) and parallel (on-axis) to the MWCNTs long axis, respectively. [ 50 ] Due to inherent measurement diffi culties, to-date the broadband dielectric properties of individual MWCNTs have not been empirically assessed to any great degree. Nor have any substantial theoretical works been developed to this end. Previous studies have instead based their descriptions on the optical constants of bulk graphite and few-layer layer graphene. The former approach was adopted, for example, in an analysis of dense carpets of vertically aligned MWCNTs, [ 51 ] whilst the latter approach was utilised previously. [ 15 ] Specifi cation of the optical properties of carbon nanotubes is of key importance across a range of applications: data based on the analysis of graphene in the literature [ 52 ] were successfully used in understanding the elastic, polarizationsensitive, optical and inelastic, surface-enhanced Raman response of short, vertically aligned MWCNTs nanotubes. [ 53 ] In addition, there have been a number of rigorous theoretical analyses of the optical response of carbon nanotubes such as those by Lin et al. [ 54 ] and Shuba et al. [ 55 ] Here, however, we have opted to derive a ω-dependent continuum of the transverse optical constants of graphite from 10 −4 to 10 eV, adapted from the literature, [ 56 ] in order to approximate the broadband optical properties of the constituent MWCNTs. Indeed, linearly and spherically 'rolled' graphite have been employed in a similar way in the past to determine the electron energy loss spectra of MWCNTs and multi-shell fullerenes. [ 57 ] Data was fi tted to a Drude-Lorentzian model so as to extend the predictions into the mm range where the dielectric function is dominated by the free electron or intra-band response. The dielectric constant of the MWCNT array is thusly given by; The fi rst term of Equation ( 8) denotes the Drude free-electron metallic intra-band components and the second, the Lorentz oscillatory term, accounts for semiconducting inter-band transitions. ω pl is the free-electron plasma frequency (4.43 eV), τ is the free-electron relaxation time (2.32 eV −1 ), ω m is the inter-band transition energies, σ m is the oscillator strength, and γ m is the damping constant. The free electron constants used were from the literature [ 58 ] and m was taken as the number of damped oscillators. Such approaches have been experimentally validated from 1-40 eV elsewhere, and were found to be consistent with Continuity and Kramers-Konig. [ 15, 59 ] Returning to the effective medium models, the host medium was air (< n 1 > = 1 ). MWCNTs were modelled as solid entities formed from concentrically nested shells, all way to their centers. The lack of an internal cavity gave negligible loss in model validity; both hollow and solid core systems were modelled, with the latter offering much more rapid computing. Effective media models were corroborated using full-wave numerical simulations. The electromagnetic response was simulated under periodic boundary conditions using a commercial fi nite element method package with an adaptive meshing routine (COMSOL v3.5a). Surfaces were approximated by an infi nite periodic array of cylindrical quasi-metallic cylinders embedded in a dielectric. The optical transmission was calculated for plane-wave polarized radiation at normal incidence for wavelengths between 300 nm and 4.0 mm.
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